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Abstract
The demand on mobile electronics to continue to shrink in size while increase in efficiency drives
the demand on the internal passive components to do the same. Power amplifiers require inductors
with small form factors, high quality factors, and high operating frequency in the single-digit GHz
range. This work explores the use of magnetic materials to satisfy the needs of power amplifier induc-
tor applications. This paper discusses the optimization choices regarding material selection, device
design, and fabrication methodology. The inductors achieved here present the best performance to
date for an integrated magnetic core inductor at high frequencies with a 1 nH inductance and peak
quality factor of 4 at ∼3 GHz. Such compact inductors show potential for efficiently meeting the
need of mobile electronics in the future.
1 Introduction
In the past couple decades, tremendous effort has been put forth towards incorporating thin-film mag-
netic cores into integrated passive circuit elements, including inductors and transformers [1–15], for a
variety of applications. The traditional operating frequency and flux-amplification properties of inte-
grated magnetic films have made them ideal for power management applications up to now [1–8,15–18].
However, the cost of depositing such films thick enough for power electronics devices has limited their
usage in integrated systems to date. More recently, as mobile electronics have begun to demand higher
inductances and quality factors in smaller form factors than previously achievable by spiral air-core in-
ductors in that frequency range [19], magnetic cores are being redesigned to compete to meet the new
need [11–13].
While the high permeability of magnetic materials increases the DC value of inductance, the chal-
lenge often faced is to extend that permeability and corresponding inductance enhancement to higher
frequencies of use to mobile applications (namely in the 1-5 GHz range). At the intrinsic ferromagnetic
resonance (FMR) frequency of magnetic materials (typically between 1-2 GHz for large blanket films), the
relative permeability drops to unity and magnetic loss tangent peaks, therefore making the inductance
enhancement due to the material negligible and, instead, the losses due to it dominant. Nevertheless,
through various means of deposition and patterning the frequency response of the magnetic permeability
can be improved and extended over a larger bandwidth. Figure 1 summarizes the performance of various
high frequency magnetic-core inductors from literature.
This work provides a detailed examination of the optimization choices involved in maximizing the
inductance enhancement and bandwidth, while simultaneously attempting to maximize the quality factor
of magnetic-core inductors. This paper discusses the most crucial considerations regarding material
selection and fabrication process as well as magnetic-core and device design. Such optimizations were then
applied, yielding a fabricated device with the highest combined performance for an integrated magnetic-
core inductor at high frequencies; the device offers a magnetic enhancement over air core extending
beyond 6 GHz, a low frequency inductance of 1nH, and a peak quality factor of 4 at approximately 3
GHz.
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Figure 1: A summary of published magnetic-core inductor and transformer device performances, comparing quality factor
and peak frequency [8–13, 15, 20–27]. The color of each marker indicates the inductance enhancement, Lm/La, of the
device compared to its air-core equivalent. The inductance enhancement was evaluated within the frequency band where
the inductance is flat. Of the four inductors clustered at high frequencies, two belong to this work, while the other two
belong to [26]. The solid circles mark this work, embodying a combined improvement towards higher Q factor and operating
frequency.
2 Design Considerations
2.1 Inductance and Bandwidth
High frequency performance of magnetic inductors depends heavily upon the magnetic-core material
and design. High permeability magnetic materials provide greater inductance enhancements over their
air-core equivalents, but simultaneously suffer from higher eddy currents and lower FMR frequencies.
Elimination of eddy currents by lamination - breaking up the conductive magnetic core with insulating
spacers to limit the flow of eddy currents - is one component of improving the high frequency behav-
ior, however the largest contribution to the improved frequency response of the inductors comes from
increasing the FMR frequency and thereby reducing magnetic losses in the frequency range of interest.
Extending the bandwidth of magnetic materials by increasing the FMR frequency can be done in a
couple of ways involving using the shape of the magnetic material to change its uniaxial anisotropy and
resultant permeability spectrum. Uniaxial anisotropy keeps the magnetization of the inductor core in
the plane of the film with the AC permeability measured perpendicular to the magnetization direction
corresponding to the rotation of magnetization in a small signal applied magnetic field.
The first method of increasing the FMR frequency is to pattern the dimensions of the core so as to
maximize the length of the magnetic core parallel to its in-plane uniaxial magnetization. This practice
has been shown to increase the FMR frequency while consequently also reducing the permeability as a
fundamental trade-off [20–22,28–33]. The second method builds on this and utilizes ultra-thin laminations
in the thickness direction to also increase the FMR frequency [34]. Both of these methods were combined
in the design of the magnetic core inductors described in this paper. The core was patterned into a 250
µm wide x 1000 µm long rectangular bar with the magnetization along the length direction. Figure
2 shows the overlapped magnetization hysteresis curves for the blanket and patterned films, indicating
an increase in anisotropy field and a decrease in permeability for the patterned film. The anisotropy,
marked by the field required for saturation, was seen to increase by a factor of 2×.
A comparison of the permeability spectra of the blanket (measured) and patterned film (calculated)
in Fig. 3 confirms that there is a corresponding decrease in the low frequency permeability value. The
shape-dependent permeability spectrum of the magnetic core was calculated according to eqn. 1, where
the material parameters were measured and where the demagnetization factors were simulated using the
same method described in [34].
µr = 1 +
(ωk + ωzy + iαω)ωm
(ωk + ωxy + iαω)(ωk + ωzy + iαω)− ω2 (1)
where
ωk = γµ0Hk (2)
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Figure 2: Magnetization hysteresis loops along the a) length and b) width directions of the magnetic core. The width
direction is orthogonal to the uniaxial magnetic anisotropy and gives insight into the permeability for small signal magnetic
fields.
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Figure 3: Permeability spectra for both the blanket and patterned magnetic films. Data for the blanket film permeability
spectrum is obtained through measurement, while that of the patterned film is calculated using eqn. 1 and approximate
demagnetization factors obtained through simulation (Nz = 0.9952, Nx = 0.00384, and Ny = 0.00096). The FMR
frequency of the blanket film is ∼2.2 GHz, while that of the patterned film is ∼3.3 GHz (above the 3 GHz limit of the
measurement setup).
ωm = γµ0Ms (3)
ωzy = γµ0(Nz −Ny)Ms (4)
ωxy = γµ0(Nx −Ny)Ms (5)
γ is the gyromagnetic ratio, Hk is the magnetic anisotropy field, Ms is the saturation magnetization, and
Nz, Nx, and Ny are the demagnetization factors along the out-of-plane dimension, width dimension, and
length dimension (easy-axis), respectively. In the measured film spectra, the FMR peak in the blanket
film appears suppressed, likely as a result of large eddy currents or interlaminate capacitance [33].
The FMR frequency can be specifically calculated by the following Kittel equation:
ω
FMR
= γµ0
√
[Hk + (Nz −Ny)Ms] [Hk + (Nx −Ny)Ms] (6)
Nevertheless, by looking at the imaginary permeability peak location, which represents the FMR fre-
quency and the point at which magnetic losses begin to dominate, a direct comparison can be made of
the bandwidth of the magnetic cores. Therefore, patterning of the magnetic core effectively increased its
bandwidth by more than 1 GHz.
2.2 Quality Factor
Increasing the bandwidth is accompanied by the consequential decrease in the permeability, as seen in
Fig. 3. Therefore, although pushing the magnetic losses out to higher frequencies potentially improves
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the quality factor (Q), the inductance decrease with permeability somewhat negates the effect. In order
to compensate for the reduction in inductance while also minimizing the resistance of the inductor, the
structure was extensively simulated for both maximum inductance and maximum Q factor.
The greatest two design parameters contributing to increasing the inductance (with least effect on
the resistance) are reducing the width of the windings and reducing the spacing between windings.
Both of these reductions work to increase the efficiency of flux linkage from one winding to the next
without increasing the length the solenoid coil. The final width and spacing selected were each 20 µm.
Although reducing the width of the windings increases inductance, it also increases the resistance of the
coil. Therefore, after optimizing for inductance, the resistance had to be optimized to improve the Q.
Increasing the thickness of the coil can accomplish this; while it has minimal effect on the inductance, it
increases the Q because it reduces the coil resistance. Due to fabrication constraints, however, the coil
thickness in this work was limited to 3 µm thick copper windings and the magnetic core thickness was
limited to 1 µm thick CoFeB film. Higher Q and higher inductance would be expected by increasing the
thicknesses of each, respectively. Despite the fabrication limitations, this work demonstrates a major
push forward for magnetic inductors operating at high frequencies.
3 Materials and Fabrication
The solenoid inductors shown in Fig. 4 were fabricated to demonstrate a direct comparison between
air-core (left) and magnetic-core (right) inductors of the same design to evaluate the contribution due
to the magnetic film. Fabrication of the inductors involved six major phases: isolation, bottom inductor
windings, planarization and insulation, magnetic core, planarization and insulation, and vias and top
inductor windings. In the first phase, 40 µm of the commercial polymer SU-8 2015 was formed on the
surface of a 4 in silicon wafer to provide sufficient isolation between the radio frequency (RF) inductor
and potential substrate parasitics. Bottom inductor windings, top inductor windings, and vias were
deposited using a through-mold electroplating process: a Ti/Cu seed layer was first evaporated onto the
wafer, photoresist patterns provided walls for a subsequent electroplating process to build 3 µm thick
Cu windings, and finally, the photoresist was removed and the non-plated seed layer areas were etched
away. A two-layer SU-8 2002 polymer process was developed to first fill the gaps between windings
for planarization and then provide an additional 1.5 µm insulation layer between the windings and the
magnetic layer.
The material CoFeB was selected for the magnetic core based on its previously demonstrated excellent
high frequency properties [35,36]. The magnetic core was laminated to break up the conductive magnetic
core with insulating spacers that further improve broadband performance by reducing high frequency
losses due to eddy current circulation in the thickness direction. The magnetic core was deposited in a
single vacuum chamber under an applied magnetic field used to induce a uniaxial magnetic anisotropy
along the length of the inductor. RF sputter deposition alternated between 63 nm Co43Fe43B14 (At%)
and 6 nm SiO2 to construct a 16x(CoFeB/SiO2) laminated magnetic stack with total thickness of ap-
proximately 1 µm. The stack was then patterned using optical photolithography and etched in a 1:1:2
ratio of HF:HNO3:H2O. Proper alignment between the external magnetic field during deposition and the
subsequent lithographic patterning of the cores is critical for ensuring the ideal, linear, easy-axis domains
in the magnetic core that provide broadband constant inductance [37].
4 Results and Discussion
To directly evaluate the performance enhancement of the inductor due to the magnetic material, similar
inductors both with and without the magnetic core were measured. The inductance, quality factor
(Q), and resistance results are presented in Fig. 5. Incorporation of the magnetic core is seen to
double the inductance of the air-core inductor, providing approximately 1 nH inductance into the GHz
range. Decreasing inductance at higher frequencies is likely due to ferromagnetic resonance, as well as a
combination of misalignment of the applied magnetic field during deposition of the cores [37], parasitic
capacitances, and eddy currents along the length of the core. Evidence of misalignment of the magnetic
anisotropy can be seen from the hysteresis loops in Fig. 2a.
A peak quality factor of 4 was achieved at approximately 3 GHz, representing the best performance
of a high-frequency magnetic-core inductor to date. Increase in frequency is attributed to the increase in
bandwidth of the magnetic core by pushing the FMR frequency higher. This understanding is supported
by the parallel trends in both the high frequency resistance results and the typical imaginary permeability
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(a) Air Core Inductor (b) Magnetic Core Inductor
Figure 4: Optical images of the fabricated a) air-core and b) magnetic-core versions of the same inductor design.
spectrum (representing magnetic losses). This direct correspondence indicates that the main losses
contributing to the increase in resistance at high frequencies and the decrease in quality factor are due to
the magnetic core. Substrate effects are negligible due to the very thick, 40 µm, isolation layer separating
the inductor from the Si substrate.
For best comparison, the DC resistances of the inductors should be identical. However, since the
inductors were selected from different locations on the wafer some wafer-level process variations (coil
thickness, etch-back, via-opening, etc.), the low-frequency resistances of the inductors differ slightly from
each other, leading to undesired reductions in Q for the inductors with higher resistance. Nevertheless, as
expected, the inductor with higher inductance and lower DC resistance yielded the highest quality factor.
Compared to previously published air-core [38–40] and magnetic-core [8–13,20–22,41,42] inductors, the
results suggest a very competitive new advancement of magnetic inductors for RF power amplifiers and
other applications.
While previous work has demonstrated an increase in inductor frequency due to similar patterning
for higher FMR frequencies, either the inductance enhancements of those designs were very low (<1.2×)
[20–22] or the Q-factors were low (≤2.5) [26]. The inductors shown here are the first to demonstrate
overall optimization of inductance enhancement, quality factor, and operating frequency, simultaneously.
Of the previously reported integrated magnetic inductors that had similar inductance or inductance
enhancement values, much lower peak quality factor frequencies were observed [9,11–13]. In some cases,
the value of the peak Q-factor was similar [9,11], but in other cases, the Q was in the range of 10-20 [12,13].
The slightly lower quality factor in the current design can be attributed to a number of factors including
the increased DC inductor winding resistance due to narrower and thinner copper lines (20 µm wide
and 3 µm thick in this work compared to 150 µm wide and 4.5 µm thick in [13]) and other process
variations. Narrower inductor windings, however, result in better inductive coupling, thereby increasing
the inductance and compensating for the decrease in permeability accompanying the narrow patterning
of the magnetic inductor. Furthermore, with larger copper thickness, the quality factor is expected to
increase to comparable or higher values than those reported in other works. These results in addition
to simulations confirm that magnetic-core inductors can, indeed, be used to satisfy the requirements of
future RF and mobile applications.
5 Conclusion
The methodology for design and fabrication of high-frequency magnetic-core inductors was presented.
Furthermore, integrated magnetic inductors have been demonstrated with increased frequency bandwidth
to meet the need for GHz-range power amplifier applications. The thin-film magnetic core inductors have
an inductance of 1 nH, embodying a 2× inductance enhancement over its air-core counterpart at low
frequencies and a 1.6× enhancement at the frequency of the peak quality factor. The 3 GHz frequency
and peak quality factor of 4 are the highest reported combined performance to date for a magnetic core
inductor. Extension of the operating frequency of the inductor is attributed to the use of patterning
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Figure 5: Measured a) inductance, b) quality factor, and c) resistance results for both the air-core and a couple of magnetic-
core inductors of the same design. The magnetic-core shows a 100% increase of inductance from the 0.5 nH of the air-core
to 1 nH.
and laminations to increase shape anisotropy in the magnetic material and increase its ferromagnetic
resonance frequency, reducing the magnetic losses within the desired operating frequency range. With
continued design optimization of the inductor windings and magnetic core, it is expected that the unmet
need for high-Q, high-frequency inductors may soon be met with magnetic materials.
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